The Bcl-2 protein family includes antiapoptotic as well as proapoptotic members ([@bib30]). The antiapoptotic family members, including Bcl-2, Bcl-XL and Mcl-1, which are termed as Bcl-2-like proteins, counterbalance the proapoptotic members Bax and Bak via a shared BH3 domain ([@bib1]; [@bib29]; [@bib15]; [@bib2]).

Bcl-2-like members are overexpressed in many haematological malignancies including acute lymphoblastic leukaemia (ALL), acute myeloid leukaemia (AML), chronic lymphoblastic leukaemia (CLL) and chronic myeloid leukaemia (CML) ([@bib12]; [@bib4]; [@bib24]; [@bib11]; [@bib20]; [@bib9]; [@bib25]). In addition, Bcl-2 expression levels alone cannot fully explain its antiapoptotic activity; it is well known that the Bcl-2 protein undergoes multisite phosphorylation at the loop region and that phosphorylation at serine 70 is necessary for its full antiapoptotic function and may regulate its interaction with both multidomain and BH3-only proapoptotic members ([@bib8], [@bib7]; [@bib13]). Therefore, small molecules that target several Bcl-2-like proteins by mimicking a BH3 domain are favoured in antileukaemic strategies. For example, the orally available analogue ABT-263 is in clinical trials for lymphoid malignancies ([@bib22]). However, Mcl-1 and Bfl-1confer resistance to ABT-737 because of its off-target effects ([@bib14]; [@bib27]). Other clinical therapeutic candidates, including AT101 and obatoclax, induce apoptosis but not through the Bax/Bak pathway ([@bib14]; [@bib19]). Their nonspecific activities may limit their therapeutic efficiency and potentially provoke undesirable side effects.

We previously identified a small-molecule BH3 mimetic and pan-Bcl-2 inhibitor named **S1** that exhibits nanomolar to submicromolar affinity towards Mcl-1 and Bcl-2. It has been shown that **S1** induces Bax/Bak-dependent apoptosis in multiple cell lines ([@bib31], [@bib33], [@bib34]; [@bib26]). Its specificity and pan-inhibition give **S1** advantages over other drug candidates. Currently, **S1** is being developed for preclinical trials.

In this study, we tested **S1** in five different leukaemic cell lines and 41 newly diagnosed ALL, AML, CLL and CML samples. We tried to establish an indicator for the **S1** response in leukaemic cells to guide the future clinical development of **S1**. As expected, **S1** inhibited Bcl-2, Bcl-XL and Mcl-1, and these individual protein levels cannot predict the **S1** response. Surprisingly, an index of pBcl-2/(Bcl-2+Mcl-1) predicts **S1** sensitivity best. The newly demonstrated pBcl-2/Bak dimer, both *in vitro* and *in vivo*, provides a useful understanding for how pBcl-2 prevents apoptosis. This study could contribute to the future clinical development of **S1** and rationalise the use of other pan-Bcl-2 inhibitors alone or in combination with kinase inhibitor-based strategies.

Materials and methods
=====================

Patients
--------

Cells from 41 patients diagnosed of leukaemia according to the World Health Organisation classification, who had not received treatment for the past 3 months, were studied. Tumour cells were obtained from peripheral blood. The characteristics of these patients are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. In all cases, an informed consent was obtained in accordance with the guidelines and the approval of the Second Affiliated Hospital of Dalian Medical University (Dalian, Liaoning, China) and the Declaration of Helsinki.

Isolation and culture of primary cells
--------------------------------------

Mononuclear cells from peripheral blood samples were isolated by Ficoll-Hypaque sedimentation (Sigma Chemical Co., St Louis, MO, USA). Contaminating red cells were lysed in 0.8% ammonium chloride solution for 10 min. Cells were either used directly or cryopreserved in liquid nitrogen in the presence of 10% dimethyl sulphoxide and 60% heat-inactivated fetal calf serum (FCS; Gibco BRL, Grand Island, NY, USA). Cells from leukaemia patients were cultured in RPMI 1640 culture medium (Thermo Scientific HyClone, Beijing, China), supplemented with 10% FCS and 50 *μ*g ml^−1^ penicillin--streptomycin. For CML chronic phase samples, CD34+ cells from patients were selected by binding to immunomagnetic beads (MiniMACS; Miltenyi Biotec, Auburn, CA, USA) from resuscitation mononuclear cells, according to the manufacturer\'s instructions.

Cell lines, plasmids and reagents
---------------------------------

Five leukaemic cell lines were used in the study: 1T cell-derived ALL (Jurkat), 1 CML (K562), 2 AML (HL60 and U937) and 1 CLL (CLL-AAT). These cell lines contain all the four disease types in the primary samples. All the cells were purchased from Cell Bank of Chinese Academy of Sciences and used within 6 months from resuscitation. Wild type (WT) and Bax^−/−^Bak^−/−^ (DKO) mouse embryo fibroblasts (MEFs) ([@bib16]) were provided by Andreas Strasser (The Walter and Eliza Hall Institute of Medical Research, Melbourne, VIC, Australia). All the cells were maintained in minimum essential medium supplemented with 10% FBS and 100 U ml^−1^ streptomycin and penicillin.

Human *Bcl-2* cDNA was cloned in pUC19 plasmid. Nucleotides corresponding to 70, 87 serine (S) or 69 threonine (T) residue were substituted to create a conservative alteration to alanine (A) or glutamic acid (E) with a site-directed mutagenesis kit (Clontech, Beijing, China) and then modified by addition of the HA tag sequence at its NH~2~ terminus. Each single mutant was cloned into pET28b (+) and pCIneo mammalian expression vector (Promega Corp., Madison, WI, USA). To generate the HA-Bcl-2-AAA and HA-Bcl-2-EEE cell lines, K562 cells were transfected with the pCIneo vectors encoding HA-tagged Bcl-2 mutant. Transfection of K562 cell line was performed with Lipofectamine according to the manufacturer\'s instructions. Under our condition, 20--30% of cells are routinely transfected. Then, the stably transfected cells were selected by addition of Geneticin (G418), purchased from Invitrogen (Grand Island, NY, USA), to the medium at a concentration of 800 *μ*g ml^−1^. After 3 weeks, stably transfected selected cells were further cultured with G418 at a concentration of 400 *μ*g ml^−1^. Five different expression clones were selected for other experiments.

Plasmid encoding BakΔTM was a kind gift from Qian Liu and Kalle Gehring (McGill University, Montreal, QC, Canada) ([@bib18]). Proteins were expressed in *Escherichia coli* (BL21) and then purified as reported earlier ([@bib5]). **S1** was synthesised as described previously ([@bib31]), and dissolved in DMSO (10 mℳ). PD98059 was purchased from Sigma. Annexin V-FITC and Lipofectamine 2000 Transfection Reagent were from Invitrogen. ABT-737 was obtained from Selleck Chemicals (Houston, TX, USA).

Immunoblotting
--------------

Cells (5 × 10^6^) were resuspended in 150 *μ*l of 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulphonate (CHAPS) buffer (1% CHAPS (w v^−1^), 100 mℳ NaCl, 5 mℳ Na~3~PO~4~, 2.5 mℳ EDTA, 1 *μ*g ml^−1^ leupeptin, 1 *μ*g ml^−1^ aprotinin and 1 *μ*ℳ PMSF). After 40 min on ice, the lysates were cleared by centrifugation at 12 000 **g** for 30 min at 4 °C. Total protein (100 *μ*g) were separated by SDS--PAGE, electrotransferred to polyvinylidene difluoride membranes and analysed following standard procedures. Signals were detected using SuperSignal West Femto (no. 34096; Thermo Fisher Scientific Inc., Barrington, IL, USA). The following antibodies were used: Bcl-2 (sc-130307), pBcl-2 (Ser70, sc-293129), Mcl-1 (sc-819), Bim (sc-11425), Bcl-XL (sc-8392), Bax (sc-493) and actin (sc-8432) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and Bak (ab32371) was from Abcam (Cambridge, MA, USA). For detection of phosphorylated Bcl-2 and Bim by western blotting, 1 : 100 dilutions were used. For detection of Bcl-2, Mcl-1, Bax and Bcl-XL, 1 : 200 dilutions were used. In all, 1 : 500 dilutions were used for Bak and actin. Specificity of the pBcl-2 (Ser70) antibody was tested in HL60 cells ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}).

Immunoprecipitation
-------------------

Cells (25 × 10^6^) were lysed in 1% CHAPS buffer. Whole-cell lysates were obtained, 500 *μ*g total proteins were precleared with protein A-Sepharose and incubated overnight with 5 *μ*g of the specific antibody. Immunocomplexes were captured with either protein A-Sepharose or protein G-Agarose (Sigma Chemical Co.). The presence of immunocomplexes was determined by western blot analysis.

Analysis of apoptosis
---------------------

Phosphatidylserine exposure was quantified by surface Annexin V-FITC staining as described previously ([@bib32]). A total of 10 000 cells per sample were acquired in a FACSCalibur flow cytometry system using the CellQuest software (BD Biosciences, Becton Drive, Franklin Lakes, NJ, USA). The lethal dose 50 (LD~50~) was defined as the concentration of the drug required to reduce cell viability by 50%. For the cell viability assay, we plated 5000 cells per well before addition of different chemicals and developed the plates in reaction with MTT (Sigma Chemical Co.).

Isothermal titration calorimetry
--------------------------------

Calorimetric experiments were performed using an iTC~200~ system (GE Healthcare, South Burlington, VT, USA). Thermodynamic constants were determined by the least-squares fitting using Origin version 7.0. Samples were dialysed into 20 mℳ Tris, pH 7.8, 150 mℳ NaCl and 0.5 mM Tris (2-carboxyethyphosphine) hydrochloride. The cell was loaded with 20 *μ*ℳ EEE-Bcl-2 samples, and the injection syringe was loaded with 300 *μ*ℳ Bak proteins. Typically titrations consisted of 16 injections of 10 *μ*l, with 240-s equilibrations between injections. Immediately before use, all proteins were dialysed in PBS and centrifuged at 100 000 **g** for 10 min.

Statistical analysis
--------------------

The expression of Bcl-2 family members, individually or in combination, was compared among the three groups using the Kruskal--Wallis test. Pairwise comparisons between groups were performed using the Wilcoxon\'s rank-sum test. A Bonferroni correction was used for pairwise comparisons. Pretreatment to post-treatment changes in Bcl-2 family transcripts were assessed using the Wilcoxon\'s signed rank test. All statistical tests were two-sided. For pairwise comparisons, *P*\<0.017 was used to indicate statistical significance. For all other comparisons, *P*\<0.05 was used to indicate statistical significance. Synergism, additive effects and antagonism were assessed using the Calcusyn software v.2.0 (Biosoft, Ferguson, MO, USA). The interaction among drugs was found synergistic when CI values were \<1. Relative protein quantification was carried out with Kodak Carestream Molecular Imaging software (Carestream Health, Inc., New Haven, CT, USA). Results are expressed as mean±standard deviation (s.d.) of three independent experiments. Spearman\'s correlation was used to assess the strength and direction of association between post-treatment cell viability and each Bcl-2 family member individually or in combination. The Cohen interpretation of correlation (*r*) indicates that when *r*\<0.3, it represents weak correlation, 0.3--0.5 is moderate and \>0.5 is strong.

Results
=======

Leukaemic cell lines display differential sensitivity to **S1**
---------------------------------------------------------------

On the basis of previous reports ([@bib32]) and this study, **S1** is a targeted, high-affinity small molecule that can occupy the BH3-binding groove of Bcl-2, Mcl-1 and Bcl-XL (*K*~i~=58 nℳ for Mcl-1, 310 nℳ for Bcl-2 ([@bib32]) and 230 nℳ for Bcl-XL ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"})). We assessed the apoptosis-inducing effect of **S1** in five leukaemic cell lines. Cells were treated with **S1** for 24 h at doses ranging from 5 to 40 *μ*ℳ, and the LD~50~ value was measured by Annexin V labelling ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}, LD~50~ of ABT-737 in these five cell lines were also analysed). **S1** exerted a dose-dependent cytotoxic effect and differential sensitivity in the five cell lines ([Figure 1A](#fig1){ref-type="fig"}).

Caspase-3/9 activation and Bax/Bak-dependent cytotoxicity further indicated that **S1** induced apoptosis in the leukaemia cells via the intrinsic pathway ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}) and acted as a BH3 mimetic ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). To determine whether **S1** triggers mitochondrial apoptosis, we studied the drug\'s effects on Bax^--/--^Bak^--/--^ (DKO) MEFs, which exhibit resistance to a broad range of apoptotic stimuli ([@bib16]). Like that of ABT-737, **S1**\'s activity was restricted to DKO MEFs ([Figure 1B](#fig1){ref-type="fig"}). **S1** was cytotoxic to WT but not DKO MEFs even at high concentrations. Furthermore, **S1** induced apoptosis even at the high concentrations in leukaemic cells and is not harmful to non-tumour cells ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). ABT-737 induced early apoptosis within 3 h. For **S1**, significant apoptosis occurred at 12 h. The delay of apoptosis induction of **S1** than ABT-737 may be due to the physicochemical properties and weaker affinity of **S1** than ABT-737.

Expressions of individual Bcl-2 family members are not predictive of the **S1** response
----------------------------------------------------------------------------------------

Given the variation in **S1** sensitivity and the importance of the relative expression levels of Bcl-2 family proteins in predicting BH3 mimetics sensitivity ([@bib6]), we investigated whether the expression levels of Bcl-2 family members contribute to the **S1** response. The expression levels of Bcl-2 family members were assessed by immunoblotting with subsequent densitometric analysis in the aforementioned five leukaemic cell lines ([Figure 1C](#fig1){ref-type="fig"}). The data were analysed using the Kodak Carestream Molecular Imaging software. The expression of each individual family member in the five cell lines was plotted against the LD~50~ of **S1**. Among the seven Bcl-2 family members (Bcl-2, Bcl-XL, Mcl-1, Noxa, Bim, Bax, Bak) that we examined, no significant correlation was found between the expression levels of any single protein and the LD~50~ values (*r*\<0.3, *P*\>0.05; [Supplementary Figures S5A--G](#sup1){ref-type="supplementary-material"}). Subsequently, we analysed the expression of phosphorylated Bcl-2 at the serine 70 residue because it has been shown that the phosphorylation of Bcl-2 at this position is necessary for its full antiapoptotic function ([@bib17]; [@bib10]; [@bib23]). A phospho-specific (S70) Bcl-2 antibody was used. Specificity of the pBcl-2 antibody was tested in HL60 cells ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). A moderate correlation was found between pBcl-2 levels and **S1** sensitivity (*r*=0.47; [Figure 1D](#fig1){ref-type="fig"}), suggesting that pBcl-2 is not a good indicator of **S1** sensitivity.

The pBcl-2/(Bcl-2+Mcl-1) ratio is predictive of the **S1** response in both primary and established leukaemic cells
-------------------------------------------------------------------------------------------------------------------

To determine the sensitivity of clinical leukaemic samples to **S1**, freshly isolated primary leukaemic cells derived from the peripheral blood of patients (ALL, AML, CLL and CML) were examined for cell death by flow cytometry using Annexin V staining. The majority of primary samples underwent apoptosis after treatment with **S1**; however, there was a wide range of sensitivity (LD~50~ at 40 h ranging from 0.24 to 80.4 *μ*ℳ), which is in agreement with the results from the cell lines. The lethal dose 50 for ABT-737 was used for comparison with **S1** in 11 primary samples ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). After 20 h of treatment, the mean LD~50~ was 33.8 *μ*ℳ and decreased to 23.7 *μ*ℳ after longer exposure (40 h) to this inhibitor ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Based on their responses, 41 primary samples could be classified into three groups: (I) a sensitive group (17 of 41 cases, 41.5%) with an LD~50~ \<15 *μ*ℳ, (II) an intermediate group (14 of 41, 34.1%) with an LD~50~ of 15--30 *μ*ℳ and (III) a resistant group (10 of 41, 24.3%) with an LD~50~ \>30 *μ*ℳ ([Figure 2A](#fig2){ref-type="fig"}).

Next, we determined the expression levels of Bcl-2 family members in these samples ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Similar to the results observed in the cell lines, pBcl-2 showed moderate linear correlation (*r*=0.48, *P*\<0.001; [Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). We then plotted the expression of several combinations of Bcl-2 family members, including pBcl-2, against cell viability. The relative ratio of pBcl-2/(Bcl-2+Mcl-1) protein levels provided the best linear correlation (*r*=0.69, *P*\<0.001; [Figure 2B](#fig2){ref-type="fig"}). The relative ratios of pBcl-2/Bcl-2 and pBcl-2/Mcl-1 did not show a linear correlation: *r*=0.24, *P*=0.01 and *r*=0.24, *P*=0.01, respectively ([Supplementary Figures S8B and C](#sup1){ref-type="supplementary-material"}). The inclusion of Bcl-XL into the pBcl-2/(Bcl-2+Mcl-1) model had no significant effect on the correlation ([Supplementary Figure S8D](#sup1){ref-type="supplementary-material"}). The pBcl-2/(Bcl-2+Mcl-1) ratio was calculated in the resistant, intermediate and sensitive groups. The lowest ratio (*P*\<0.001) was found in the sensitive group, while the highest one was observed in the resistant group ([Figure 2C](#fig2){ref-type="fig"}). These data indicate that the pBcl-2/(Bcl-2+Mcl-1) ratio is a predictive ratio for the response to **S1**.

To further address the applicability of our predictive model in leukaemic cells, the pBcl-2/(Bcl-2+Mcl-1) ratio was determined in the aforementioned five cell lines. The pBcl-2/(Bcl-2+Mcl-1) ratio also provided the highest predictive value for response to **S1** in the five cell lines (*r*=0.76, *P*=0.05; [Figure 2D](#fig2){ref-type="fig"}). Among the five cell lines tested, the most resistant cells (CLL-AAT cells) showed the highest ratio of 0.586, while the most sensitive cells (Jurkat cells) showed a ratio of 0.015 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Taken together, the pBcl-2/(Bcl-2+Mcl-1) ratio is predictive for the **S1** response in a broad range of primary and established leukaemic tumour cells.

pBcl-2 levels modulate the sensitivity of leukaemic cells to **S1**
-------------------------------------------------------------------

To further demonstrate whether the pBcl-2/(Bcl-2+Mcl-1) ratio predicts **S1** sensitivity, we tested whether modulated Bcl-2 phosphorylation status can affect the sensitivity to **S1**. A non-phospho-mimetic mutant, HA-AAA-Bcl-2, and a phospho-mimetic mutant, HA-EEE-Bcl-2, were applied as described previously ([@bib13]). Bcl-2 mutants and pCIneo control expression vectors were then transfected into K562 cells that express low levels of endogenous Bcl-2 ([@bib28]). Then, G418 was used for selection and subsequent cloning. Independent clones were obtained from K562 cells transfected with different vectors. We have chosen the clones expressing relatively low levels of mutant Bcl-2 proteins and designed them as K562/AAA-Low and K562/EEE-Low. The clones expressing relatively high levels of mutant Bcl-2 proteins were named as K562/AAA-High and K562/EEE-High. K562/Vector was used as a control ([Figure 3A](#fig3){ref-type="fig"}). The expressions of other Bcl-2 family members were not changed in the transfected K562 cells. The control cells, and K562/AAA-Low and K562/AAA-High cells displayed similar sensitivity to **S1**. However, the K562/EEE-Low cells were resistant to **S1** and K562/EEE-High cells displayed higher resistance, suggesting that Bcl-2 phosphorylation opposes the proapoptotic action of **S1**. Consistent with a mechanism whereby increased Bcl-2 phosphorylation impedes **S1** suppression of Bcl-2 dimerisation with Bax, **S1** potently blocked Bcl-2/Bax association in cells expressing exogenous AAA mutant, but not EEE mutant Bcl-2 ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). These results suggest that increases in the pBcl-2 levels but not non-phosphorylated-Bcl-2 (npBcl-2) contribute to **S1** resistance.

As ERK has been identified as a direct kinase of Bcl-2 ([@bib13]; [@bib21]), we addressed whether the MEK/ERK inhibitor PD98059 was able to enhance the cytotoxic effect of **S1** by inhibiting Bcl-2 phosphorylation. Treatment of HL60 cells with 20 *μ*ℳ PD98059 for 6 h blocked the constitutive activation of ERK1 (pERK1) and significantly reduced pBcl-2 (Ser70) levels while having no effect on the total Bcl-2 protein levels ([Figure 3B](#fig3){ref-type="fig"}). As expected, PD98059 significantly enhanced the toxicity of **S1** in HL60 cells (CI=0.63; [Figure 3C](#fig3){ref-type="fig"}). Consequently, we chose four samples (three are ALL, one is CLL) from patients who belonged to the resistant group. The combination of PD98059 with **S1** was highly synergistic in these cells ([Figure 3D](#fig3){ref-type="fig"}). Taken together, these results further support the idea that pBcl-2 have a central role in the ratio of pBcl-2/(Bcl-2+Mcl-1) and that decreasing pBcl-2 levels can increase **S1** sensitivity.

Proapoptotic proteins are displaced from Mcl-1 by **S1** in a resistant cell line but are sequestered by pBcl-2
---------------------------------------------------------------------------------------------------------------

To evaluate the molecular mechanism that determines **S1** sensitivity, we tested the interference of **S1** on Bcl-2 family protein heterodimers. First, the relative levels of endogenous Bcl-2 family member complexes in leukaemic cell lines were measured by the immunoprecipitation of antiapoptotic proteins in K562, HL60 and U937 cells ([Figure 4A](#fig4){ref-type="fig"}). Immunoprecipitation assays showed that in addition to the well-known Bcl-2 family member complexes, the new complexes pBcl-2/Bak, pBcl-2/Bim and pBcl-2/Bax were found for the first time. To validate existence of these novel complexes, we determined the direct binding of pBcl-2/Bak using isothermal titration calorimetry. The Bak protein was titrated into a solution of EEE-Bcl-2 protein that was heterologously expressed in *E. coli*. Consistent with the co-immunoprecipitation (co-IP) assays, Bak demonstrated apparent binding to the phospho-mimetic Bcl-2 mutants ([Figure 4B](#fig4){ref-type="fig"}).

To determine which proapoptotic proteins were displaced from antiapoptotic proteins by **S1**, K562 and U937 cells were treated with **S1** for different times. The dynamics of the heterodimers were analysed using immunoprecipitation. An examination of the heterodimers containing Bcl-2 and Mcl-1 in K562 cells with 5 *μ*ℳ **S1** treatment showed a gradual decrease in the levels of Bcl-2/Bax, Bcl-2/Bim, Mcl-1/Bak and Mcl-1/Bim complexes ([Figure 4C](#fig4){ref-type="fig"}). These data are consistent with those of apoptosis levels shown in [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}.

In U937 cells, 10 *μ*ℳ **S1** can disrupt Mcl-1/Bak and Mcl-1/Bim complexes, as similarly demonstrated in K562 cells ([Figure 4D](#fig4){ref-type="fig"}, left panel), indicating that **S1** also reached its target Mcl-1 in the resistant cell line. However, we observed an increase in the levels of Bcl-2/Bak and Bcl-2/Bim complexes. U937 cells displayed higher levels of Bcl-2 phosphorylation than those of HL60 and K562 cells ([Figure 1C](#fig1){ref-type="fig"}). We questioned whether **S1** disrupted npBcl-2 complexes or pBcl-2 complexes. The results obtained in K562 ([Figure 4B](#fig4){ref-type="fig"}) and HL60 cells ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}) showed that **S1** could disrupt npBcl-2/Bax, npBcl-2/Bak and npBcl-2/Bim complexes. However, the results ([Figure 4D](#fig4){ref-type="fig"}, left panel) demonstrated that **S1** could not disrupt the heterodimers containing pBcl-2 by using a specific pBcl-2 antibody in the co-IP. We hypothesised that pBcl-2, not npBcl-2, recaptures the released Bak and Bim from Mcl-1 and thus prevents apoptosis. Moreover, we observed a shift of Bak and Bim from being complexed with Mcl-1 to being complexed with pBcl-2, while the pBcl-2/Bax complex remained unchanged ([Figure 4D](#fig4){ref-type="fig"}, left panel). To further study the changing composition of Bak and Bim complexes, we analysed pBcl-2/Bak, pBcl-2/Bax and pBcl-2/Bim complexes in the supernatant of Mcl-1 immunoprecipitations ([Figure 4D](#fig4){ref-type="fig"}, middle panel). Although the pBcl-2 levels remained constant during **S1** treatment, we observed an increase in the level of pBcl-2/Bim and pBcl-2/Bak aggregated, indicating that pBcl-2 was able to sequester proapoptotic proteins released from Mcl-1. These results demonstrate that pBcl-2 was able to sequester the Bak and Bim proteins released from Mcl-1 and that the movement of proapoptotic proteins from Mcl-1 complexes to pBcl-2 complexes is the mechanism underlying the predictive pBcl-2/(Bcl-2+Mcl-1) ratio. Similar results were found in K562/EEE-High cells. Bak aggregated towards the phospho-mimetic HA-EEE-Bcl-2, while **S1** released Bak from Mcl-1 ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}).

Taken together, our data explain why the pBcl-2/(Bcl-2+Mcl-1) ratio can predict the sensitivity to **S1** treatment. It is because **S1** disrupts the heterodimers containing Mcl-1 and npBcl-2 but not pBcl-2 dimers. As such, Bim and Bak shift between Mcl-1 and Bcl-2; pBcl-2/(Bcl-2+Mcl-1) determines whether proapoptotic proteins can be released by **S1**.

CML primary samples show greater **S1** sensitivity when compared with other leukaemic cells
--------------------------------------------------------------------------------------------

Further analysis of the pBcl-2/(Bcl-2+Mcl-1) ratios in the different types of leukaemic samples revealed that CML samples are the most sensitive to **S1**, with a mean LD~50~ value of 8.15 *μ*ℳ. These data are in accordance with the lowest pBcl-2/(Bcl-2+Mcl-1) ratio of 0.18 ([Figures 5A and B](#fig5){ref-type="fig"}).

Discussion
==========

**S1** is an authentic BH3 mimetic and a triple inhibitor of Bcl-2, Mcl-1 ([@bib32]) and Bcl-XL. It exhibits variable sensitivity in 5 established and 41 primary leukaemic cell lines with LD~50~ values ranging \>2 logs (0.24--80.4 *μ*ℳ). Through a semiquantitative analysis of western blot bands using the imaging software, we identified the pBcl-2/(Bcl-2+Mcl-1) ratio as the best predictive index for **S1** sensitivity in both primary and established cells. This index may guide the preclinical studies of **S1** for leukaemia in the future. Similar to previous findings that the relative ratio of (Mcl-1+BFL-1)/Bcl-2 provides a significant linear correlation with ABT-737 sensitivity ([@bib3]), a combination of individual antiapoptotic proteins can predict the response to **S1**. This index thus reflects the complex interactions and crosstalk between Bcl-2 family members.

The predictive index in this study suggests an antiapoptotic function of pBcl-2 against **S1**. We have applied both the kinase inhibitor PD98059 and a phospho-mimetic mutant EEE-Bcl-2 plasmid to alter the levels of pBcl-2. The downregulation of pBcl-2 could improve the **S1** response in resistant cell lines and primary samples, while the upregulation of pBcl-2 can enhance **S1** resistance. In previous reports, pBcl-2 was found to reduce the activity of ABT-737 and obatoclax ([@bib13]; [@bib21]). We propose a general mechanism for how Bcl-2 protein prevents apoptosis through its phosphorylation status. The demonstration of an antiapoptotic mechanism of pBcl-2 is crucial. Interestingly, although pBcl-2 was more abundant in resistant leukaemia cells than that in sensitive ones ([Supplementary Figure S12](#sup1){ref-type="supplementary-material"}), pBcl-2 itself cannot predict the sensitivity to **S1** better than the pBcl-2/(Bcl-2+Mcl-1) ratio. This finding suggests that pBcl-2 has an antiapoptotic role in the network of the Bcl-2 family. **S1** is a unique tool to investigate the exact functional role of pBcl-2 with other Bcl-2 family members. (I) It is the BH3 mimetic that acts through the Bcl-2-regulated apoptotic pathway only ([@bib32]; [@bib26]). By contrast, obatoclax can kill cells without Bax/Bak ([@bib14]). (II) It is the pan-inhibitor that can antagonise Mcl-1, unlike ABT-737 ([@bib13]). As such, **S1** can reflect the protein--protein interactions (PPIs) of Bcl-2 family members accurately and comprehensively.

We investigated the PPIs related to pBcl-2 in the **S1**-resistant U937 cell line. Surprisingly, we demonstrated a dynamic displacement of Bim and Bak. When Bim and Bak are released by **S1** from Mcl-1, they are transferred to pBcl-2. Moreover, **S1** can only disrupt npBcl-2/Bak, npBcl-2/Bim and npBcl-2/Bax but not pBcl-2/Bak, pBcl-2/Bim and pBcl-2/Bax complexes. This finding suggests that either the affinity of pBcl-2 to proapoptotic members is higher than that of npBcl-2 or that the binding pocket is so divergent with a common BH3 groove that it cannot be occupied by **S1** or other pan-Bcl-2 inhibitors, such as obatoclax. The availability of pBcl-2/Bak, pBcl-2/Bax and pBcl-2/Bim (which **S1** failed to interfere with) and the transfer of Bak and Bim from Mcl-1 to pBcl-2 reveal that the pBcl-2/(Bcl-2+Mcl-1) ratio rather than pBcl-2 itself is a better indicator of the **S1** response in leukaemic cells. Nevertheless, pBcl-2 is a therapeutic target for leukaemia, and the combination of BH3 mimetics and kinase inhibitors could be a potent therapy.

In addition, our study suggests that different types of leukaemia exhibit variable basal pBcl-2 levels. CML is the most sensitive leukaemia to **S1** due to its relatively low pBcl-2/(Bcl-2+Mcl-1) ratio. **S1** may be a novel single agent therapeutic approach for CML.

A parallel analysis of the LD~50~ values of ABT-737 in 11 primary samples was shown in [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}. The samples with high pBcl-2 levels were resistant to both ABT-737 and **S1**. By contrast, two samples with low pBcl-2/(Bcl-2+Mcl-1) ratio were sensitive to **S1** but resistant to ABT-737 because of it high Mcl-1 expression level. For CLL samples, three samples with low Mcl-1 levels and high Bcl-2 levels were sensitive to ABT-737. Other samples with high levels of either pBcl-2 or Mcl-1 were resistant to ABT-737. We noted that CLL samples are not particularly sensitive to **S1**. This may be attributed to the fact that **S1** is characterised as having pan-antiapoptotic Bcl-2 family activity with *K*~i~\'s low for Mcl-1, and 4- to 6-fold higher for Bcl-2 and Bcl-XL. The CLL samples practically expressed high levels of Bcl-2 or Bcl-XL, which **S1** is only partially effective in antagonising.

In conclusion, **S1** can efficiently kill different types of leukaemic cells by inhibiting Bcl-2, Mcl-1, and Bcl-XL. However, pBcl-2 reduces the **S1** cytotoxicity by sequestering Bak and Bim, which are released from Mcl-1 upon **S1** exposure. As such, it is the pBcl-2/(Bcl-2+Mcl-1) ratio that provides the predictive power for **S1**. CML is the most sensitive type of leukaemia to **S1** due to its low pBcl-2/(Bcl-2+Mcl-1) ratio.
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![**Individual Bcl-2 family protein expression levels did not predict the sensitivity to **S1**-induced apoptosis in leukaemic cell lines.** (**A**) Leukaemic cell lines were cultured with increasing doses of **S1** for 24 h, and then stained with Annexin V for flow cytometry analysis. The means of three independent experiments are shown. Data are the mean±s.e.m. (*n*=3). (**B**) **S1** and ABT-737 induce apoptosis in WT but not Bax^--/--^Bak^--/--^ (DKO) MEFs. Wild-type or Bax^--/--^Bak^--/--^ MEFs were incubated for 48 h with **S1** or ABT-737, and cell viability assessed by the 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Data are the mean±s.e.m. (*n*=3). (**C**) Immunoblot analysis of five leukaemia cell line lysates (100 *μ*g of protein) with the indicated antibodies. Actin was used as a loading control. (**D**) pBcl-2 level did not predict LD~50~ of **S1** well in leukaemia cell lines. Protein expression levels were defined by immunoblot analysis using the Kodak Carestream Molecular Imaging software and plotted against the LD~50~. The Spearman\'s rank correlation coefficient is indicated. Spearman\'s correlation (*r*) and *P*-values are also shown.](bjc2013152f1){#fig1}

![**pBcl-2/(Bcl-2+Mcl-1) provides the most significant linear correlation for the sensitivity to **S1**, both in primary and established cells.** (**A**) Primary leukaemic cells derived from 41 patients were incubated with **S1** (0--50 *μ*ℳ). Cell survival was assessed by Annexin V binding, as determined by flow cytometric analysis. The lethal dose 50 values were calculated, and each data pillar represents one patient sample. Based on cell LD~50~ data, the response to **S1** was classified as: resistant (\>30 *μ*ℳ), intermediate (15--30 *μ*ℳ) and sensitive (\<15 *μ*ℳ). (**B**) pBcl-2/(Bcl-2+Mcl-1) ratios in function of **S1** sensitivity (LD~50~) of 41 primary leukaemia samples. Spearman\'s correlation (*r*) and *P*-values are shown. Relative protein quantification was carried out with Kodak Carestream Molecular Imaging software. (**C**) pBcl-2/(Bcl-2+Mcl-1) radio in resistant, intermediate and sensitive group. (**D**) Analysis of pBcl-2/(Bcl-2+Mcl-1) ratio as a function of **S1** sensitivity (LD~50~) of leukaemia cell lines. Spearman\'s correlation (*r*) and *P*-values are shown. \*\*\* indicates *P*\<0.001, extremely significant.](bjc2013152f2){#fig2}

![**Bcl-2 phosphorylation modulates sensitivity to **S1** in leukaemic cells.** (**A**) K562-Vector cells and K562 expressing different levels of mutant Bcl-2 cells were treated with **S1** for 12 or 24 h and Annexin V^+^ cells were analysed. Indicated protein levels were examined by immunoblotting. Apoptosis was quantified by Annexin V staining and determined by flow cytometric analysis. Results represented the mean of three independent experiments. (**B**) HL60 cells were treated for 24 h with 20 *μ*ℳ PD98059 and total protein extracts were analysed by western blot for the expression of pERK1, pBcl-2(Ser70), Bcl-2 and actin. (**C**) HL60 cells were treated with the indicated doses of **S1** alone or together with 20 *μ*ℳ PD98059 for 24 h. Viability was assessed by 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Combination indexes (CIs) were calculated using the Calcusyn software and indicated inside the plot for each combination. (**D**) Cells from four resistant leukaemia patients were cotreated with 20 *μ*ℳ PD98059 and 20 *μ*ℳ **S1** for 40 h and viability was assessed by MTT assay. Combination indexes were calculated as above.](bjc2013152f3){#fig3}

![**Bak displaced from Mcl-1 associates with pBcl-2 in resistant cell lines.** (**A**) K562, HL60 and U937 cells were lysed. Mcl-1, Bcl-2 and pBcl-2 immunoprecipitations were performed, and immunoprecipitated fractions were analysed by western blotting for the indicated proteins. (**B**) Isothermal calorimetric titration of the Bcl-2 phosphorylation mutant protein, EEE-Bcl-2, with the Bak protein. The EEE-Bcl-2 concentration was 30 *μ*ℳ, and the Bak concentration was 300 *μ*ℳ. Injection volumes were 20 *μ*l. (**C**) Immunoprecipitation of K562 cell lysates. Cells were treated in the presence or absence of 5 *μ*ℳ **S1** for 8, 18 and 24 h. Bim, Bax, Bak, Bcl-2 and Mcl-1 levels were analysed by western blotting. (**D**) Immunoprecipitation of U937 cell lysates using the indicated antibodies. (Left panel) The immunoprecipitates were analysed for the presence of the indicated proteins by immunoblotting. Cells were treated in the presence or absence of 20 *μ*ℳ **S1** for 8, 18 and 24 h. (Middle panel) U937 cells were treated in the presence or absence of 20 *μ*ℳ **S1** for 24 h. Supernatants of the Mcl-1 immunoprecipitation were used for the pBcl-2 immunoprecipitation. Immunoblotting was performed as described previously. (Right panel) U937 cell lysates were detected by immunoblotting using the indicated antibodies. Ab, antibody.](bjc2013152f4){#fig4}

![**Chronic myeloid leukaemia was the most sensitive subset to **S1** in the four types of primary leukaemia samples.** Comparisons of **S1** LD~50~ (**A**) and pBcl-2/(Bcl-2+Mcl-1) ratio (**B**) in the different type of primary leukaemic samples. \*\*0.001\<*P*\<0.01, very significant; \*\*\**P*\<0.001, extremely significant.](bjc2013152f5){#fig5}
